scending thoracic aorta UNX caused thickening of the media. The media area and the wall:lumen ratio were lower in UNX + LU 135252 as compared to untreated UNX (p ! 0.01 and p ! 0.05, respectively). Conclusion: In SHRsp UNX causes hypertrophic cardiovascular remodeling only in the presence of salt loading. These effects are largely BP-independent and prevented by ET A receptor blockade.
Introduction
The cardiac dysfunction in hypertensive states is not only due to structural alterations of large vessels, i.e. coronary conduit arteries, but at least in part also to microvessel disease. Several studies suggest a role of local blood pressure (BP)-independent systems in these processes, particularly the renin-angiotensin-aldosterone and the endothelin (ET) systems. There is increasing evidence that the ET system plays an important role in the genesis of hypertension-induced target organ damage [1] . ET receptor blockade was shown to be effective in preventing mortality as well as cardiac and renal sequelae of hypertension in most, but not all experimental models of hypertension [2] .
The salt-loaded uninephrectomized (UNX) spontaneously hypertensive rat of the stroke-prone strain (SHRsp) appears particularly suited to investigate a potential role of the ET system in cardiovascular remodeling, since dietary salt loading increases cardiac expression of prepro-ET-1 mRNA in SHRsp [3] . Using this model we documented that treatment with the orally active and highly selective ET A receptor antagonist LU 135252 completely prevents renal damage and death [4] . Using the same model we now studied whether LU 135252 interferes with (1) left ventricular hypertrophy (LVH), (2) cardiac fibrosis, (3) thickening of intramyocardial arterioles, (4) capillary length density and (5) thickening of the descending thoracic aorta. This is the first report about the effects of selective ET A receptor blockade on these cardiovascular parameters in the salt-loaded UNX-SHRsp.
Methods

Animals and Experimental Design
Male 90-to 100-gram SHRsp (Iffa Credo, France) were housed in single cages at constant room temperature (21 ° C) and humidity (75%) under a controlled light-dark cycle. The rats were fed either a normal (0.25% NaCl)-or a high-salt (3% NaCl) diet (ssnif Spezialdiäten, Soest, Germany). The protein content of the food was 19%. After a 7-day adaptation period the animals on normal and high salt were randomly allotted to three groups each (n = 10-15): (1) sham-operated, control (sham-op), (2) uninephrectomized, no treatment (UNX), and (3) uninephrectomized + LU 135252 (UNX + LU 135252).
Anesthesia for uninephrectomy (UNX), sham-op and retrograde perfusion fixation (see below), respectively, was performed by intramuscular injection of ketamine (100 mg/kg body weight) and xylazine (5 mg/kg body weight). Because there was no significant change of any of the parameters after UNX and treatment with LU 135252 in the animals on normal-salt diet, the data are not reported in detail. The data of the UNX group on normal salt are reported as an additional control group to illustrate the effects due to a high-salt diet.
Treatment with the selective ET A receptor antagonist LU 135252 (for ET A receptor Ki = 1.4 nmol/l; for ET B receptor Ki = 184 nmol/l [5] ) in the food was started 3 days before surgical ablation of the right kidney. The concentration in the food was calculated to deliver a daily dose of 100 mg/kg body weight. Daily food consumption was measured to control the amount of LU 135252 ingested. Water was offered ad libitum. Systolic BP was measured weekly by tail plethysmography. The normal-salt experiment was terminated after 18 weeks. In contrast, the high-salt experiment had to be terminated after 12 weeks due to excessive mortality in untreated UNX animals. Eight weeks into the experiments, a 24-hour urine collection was performed and blood samples were obtained. The experiments were terminated by retrograde perfusion using glutaraldehyde fixative via the abdominal aorta at a controlled pressure of 110 mm Hg, as described in detail elsewhere [6] . Blood and urine parameters were measured with a Hitachi 9-17E, according to the manufacturer's guidelines. ET-1 plasma concentrations were measured in duplicate by enzyme immunoassay (Biomedica, Vienna, Austria), according to the manufacturer's guidelines.
Tissue Preparation and Morphological Investigations
Preparation of the heart and aorta for morphological investigations was performed as previously described in detail [6] . In brief, the heart of each animal was prepared and analyzed according to the orientator method [7] . Uniform random sampling of the myocardium was achieved by preparing a set of equidistant slices of the left ventricular (LV) and the interventricular septum with a random start. Two slices were selected by area-weighted sampling and processed accordingly. Eight pieces of the LV muscle (of each animal) including the septum were prepared and embedded in Epon-Araldite. Semithin sections (0.8 m) were stained with methylene blue and basic fuchsin and examined by light microscopy with oil immersion and phase contrast at a magnification of 1,000. All investigations were performed in a blinded manner, i.e. the observer was unaware of the study group the animal belonged to. Volume density (V V ) of capillaries, interstitial tissue and myocytes was obtained using the point counting method according to the equation P P = V V (where P P is point density). Reference volume was the total myocardial tissue (exclusive of noncapillary vessels, i.e. arterioles and veins, and tissue clefts). Vascular geometry of intramyocardial arterioles, i.e. vessels with lumen diameters between 20 and 120 m and at least one muscular layer, was analyzed using planimetry and a semiautomatic image analysis system (Analysis, SIS, Münster, Germany) as described in detail [6] . Thereby, mean wall thickness, lumen diameter, wall and lumen area were determined in every arteriole that was present in the 8 semithin sections per animal.
A 1-mm-thick piece of the aorta thoracica descendens was cut perpendicular to the vessel axis, embedded in Epon-Araldite and cut into 1-m-thick semithin sections. Wall thickness and media area were measured using planimetry and a semiautomatic image analysis system (Analysis, SIS, Münster, Germany).
Statistical Analysis
Data are given as mean 8 SD. Statistical analysis was performed using one-way ANOVA, followed by the Bonferroni multiple range test or Kruskal-Wallis followed by Dunn multiple range test, as appropriate. The zero hypothesis was rejected at p ! 0.05.
Results
Characterization of the Model
Body weight was comparable in the groups on normal salt (data not shown). Table 1 shows that body weight of sham-op rats on high-salt and treated UNX rats on highsalt diet was comparable, while it was significantly lower in untreated UNX rats on high salt, because the latter had failed to gain weight beyond the 10th week of the experiment. Systolic BP increased continuously in all three groups on normal and high salt during the experiment. No differences between the three groups on normal salt were observed (data not shown). High-salt diet did not further increase BP ( table 1 ) . Salt loading was comparable in all groups on high salt diet as reflected by similar urinary sodium excretion ( table 1 ) . BP in the high-salt groups was comparable until week 10. During the last 2 weeks BP was slightly, but significantly lower in the sham-op and treated UNX groups ( table 1 ) . Mortality during the 12 weeks of the experiment was 40% in untreated UNX-SHRsp on high salt; there were no deaths in the other groups on high salt and in the normal-salt animals, respectively.
At the end of the experiment plasma creatinine concentration was significantly higher in untreated UNX compared to sham-op or LU 135252-treated UNX animals on normal or high salt. No differences were observed with respect to plasma ET-1 concentrations ( table 1 ) or hematocrit (data not shown).
Heart Weight:Body Weight Ratio
No differences were found in normal salt animals. The ratio of LV weight (after perfusion) to body weight was significantly higher in the groups of untreated UNX compared to sham-op or LU 135252-treated UNX animals on high salt. UNX on high salt treated with LU 135252 did not significantly differ from sham-op controls on high salt ( table 1 ) .
Structural Changes of the Heart
The histologic parameters of the heart investigated did not differ in the three groups on normal salt (data not shown). Because of insufficient perfusion leading to artifacts of the preparations, the stereological measurements could not be performed in 1 animal of the high-salt UNX and the high-salt UNX + LU 135252 groups, respectively. Intramyocardial Arterioles Figure 1 shows representative examples of intramyocardial arterioles in sham-op rats on high salt ( fig. 1 a) , untreated UNX on normal ( fig. 1 b) and high salt ( fig. 1 c) , and UNX + LU 135252 animals on high salt ( fig. 1 d) . Table 2 shows the structural parameters of intramyocardial arterioles, i.e. wall:lumen ratio, wall thickness, lumen diameter, and wall area. While lumen diameter was similar in all the normal-salt and high-salt groups, in salt-loaded animals UNX caused significant thickening of the arteriolar wall, thus leading to an increase in the wall:lumen ratio as seen in hypertrophic remodeling. Treatment with LU 135252 completely prevented these structural alterations ( table 2 ). To exclude systematic sampling artifacts and selective reduction in the proportion of smaller arterioles, we plotted the cumulative frequency of sections as a function of vessel diameter. No significant differences between groups were found ( fig. 2 a) . In contrast, as expected the cumulative frequencies of different classes of wall thickness showed a systematic shift to the right in the untreated UNX-SHRsp group ( fig. 2 b) . ( table 3 ) The structural parameters of the thoracic aorta did not differ in the three groups on normal salt (data not shown). The stereological measurements could not be performed in one aorta of the high-salt sham-op group due to technical problems. In high-salt animals UNX led to significant enlargement of the aortic lumen and media area and to thickening of the aortic wall. Treatment with LU 135252 completely prevented wall thickening and abrogated the increase in media area, while having no effect on lumen diameter. This led to a significantly lower wall:lumen ratio in the treated UNX compared to the untreated UNX animals ( table 3 ) . Electron microscopy revealed an increase in extracellular matrix and collagen fiber content in untreated UNX which was largely attenuated by LU 135252 (not shown). Furthermore, the num- 
Structural Parameters of Descending Thoracic Aorta
Discussion
This study examined for the first time the structural changes of the heart, intramyocardial arterioles and descending aorta that are caused by UNX of SHRsp. Interestingly, UNX had no effect on the aforementioned parameters under normal-salt conditions. Under salt loading however, UNX led to excess mortality and severe LVH. UNX caused expansion of the cardial interstitium and marked hypertrophic remodeling of intramyocardial arterioles and the descending thoracic aorta. We emphasize that these changes were presumably independent of BP, as BP was not different between groups up to week 10. The BP difference during the last 2 weeks of the experiment was only small, albeit significant. Mortality and LVH were completely prevented by treatment with the ET A selective receptor blocker LU 1335252. ET A blockade prevented the hypertrophic remodeling of resistance vessels, i.e. intramyocardial arterioles and elastic vessels, i.e. the thoracic descending aorta. Under normal-salt conditions ET A blockade had no effect on LVH and structure of intramyocardial arterioles and the descending thoracic aorta. As ET A blockade did not lower BP in the UNX animals for most part of the study, ET A -mediated effects play no major role in the genesis of hypertension in this model. ET A receptor-mediated effects do, however, seem to play an important role in target organ damage.
The experimental protocol requires some comment. The SHRsp rat is a model of severe hypertension where salt loading and UNX do not increase BP, but aggravate target organ damage and cause high mortality [4] . We failed to note arteriolar necrosis, i.e. malignant hypertension, in our experiment. Postmortem examination of the untreated UNX-SHRsp on a high-salt diet that died prematurely showed brain hemorrhage and gastric or duodenal hemorrhage, respectively. Of importance, renal damage is seen in this model. In a previous study [4] , we found significantly lower serum creatinine and endogenous creatinine clearance values as well as higher urea values in untreated salt-loaded UNX-SHRsp as compared to ET A receptor blocker-treated or sham-op animals [4] . This could explain why there was some BP difference at the end of the high-salt experiment. Furthermore, this may be potentially important since cardiovascular remodeling occurs in renal failure. Even in advanced renal failure, however, much less remodeling was seen than in the present study [8] so that renal impairment in the present study is probably not an important confounder. More importantly, urine sodium excretion did not differ between ET A receptor blocker-treated and untreated UNX animals on high-salt diet, i.e. the degree of salt loading was comparable. This fact excludes the possibility that the effects observed in the LU 135252-treated group are artificial and the result of a different salt load.
UNX was performed to increase sensitivity to salt loading, similar to what was also shown in other models of hypertension such as the desoxycorticosterone acetate (DOCA)-salt hypertensive rat [9] . There is mounting evidence that under conditions of salt loading ET receptor blockade is more effective (and conversely the vulnerability to ET-mediated target organ damage increased) [1] . Interestingly, in the Dahl salt-sensitive rat LU 135252 has been shown to normalize the sodium-induced increase of ET-1 protein content and the structural alterations of the aorta, although ET A receptor blockade caused only minor reduction of systolic BP [10] . Furthermore, the morphological changes of mesenteric and renal small arteries were much less [11] .
The LV weight:body weight ratio is an index of LVH and was significantly increased in untreated salt-loaded UNX-SHRsp as compared to sham-op animals. Treatment with LU 135252 completely inhibited LVH. This confirms findings in the Sabra rat model of salt-sensitive hypertension by Rothermund et al. [12] : they reported complete prevention of LVH and LV dysfunction, but in this model specific ET A receptor blockade reduced the increase of systolic BP by 50%. Prevention of LVH may be due to inhibition of cardiomyocyte hypertrophy. In vitro studies documented that ET-1 is a potent growth factor which induces hypertrophy of cardiomyocytes [13] .
The morphometric analysis of myocardial arterioles, i.e. resistance arteries, and of the aorta, i.e. an elastic artery, showed major benefit from ET A receptor blockade. The salient feature of the present study is prevention of wall thickening of intramyocardial resistance vessels by LU 135252 despite no major change of BP, as also found in the 5/6 nephrectomy model [8] . Conversely we had shown that despite similar normalization of BP antihy-pertensive agents had diverse effects on the structure of intramyocardial arterioles: ACE inhibitors or calcium channel blockers, but not a sympatholytic agent, inhibited arteriolar hypertrophy [6] . Complete prevention of arteriolar hypertrophy by LU 135252 suggests that BP-independent ET A receptor-mediated events play a major role in the genesis of wall thickening of intramyocardial arterioles in the salt-loaded UNX-SHRsp. Interestingly, ET A receptor blockade affected intramyocardial arterioles, but not capillaries, i.e. had no effect on capillary length density in the LV. Although only ET B receptors had been reported in human myocardial capillaries [14] , Larouche and Schiffrin [15] as well as Amann et al. [16] reported that ET A receptor blockade prevented capillary rarefication in the myocardium of DOCA-salt hypertensive and 5/6 nephrectomized rats, respectively. We emphasize that the effect of LU 135252 on heart structures was selective, i.e. despite significant effects on intramyocardial arterioles, no significant effect on cardiac interstitial fibrosis and capillary length density was noted.
One might argue that lesser wall thickness in myocardial arterioles is an artifact resulting from less pronounced LVH. It is therefore important that similar reduction of the media area of the aorta was noted. In UNX animals the lumen of the aorta, but not of the intramyocardial arterioles was increased.
The beneficial effect of ET A receptor blockade seems to be largely independent of BP, at least when measured by tail plethysmography. We cannot exclude larger effects on BP which might be detected by telemetric monitoring.
It was not the purpose of this study to elucidate the cellular mechanisms involved in the response of arterial vessels to LU 135252. Both hypertrophy and hyperplasia of vascular smooth muscle cells (VSMC) have been implicated in the arterial wall thickening in hypertension and renal failure. ET-1 causes mitogenesis and hypertrophy in VSMC via ET A receptors [17, 18] . Further studies will be required to establish whether less pronounced wall thickness of intramyocardial arterioles and aortic media area is due to diminished cell proliferation or increased apoptosis, or both. ET-1 increases mitogenesis and inhibits apoptosis in VSMC [19] . Accentuation of apoptosis by treatment with an ET A receptor antagonist in the aorta of the DOCA-salt hypertensive rat has been reported by Sharifi and Schiffrin [20] . The remarkable effectiveness of ET A receptor blockade on arterial vessels may be due to interruption of an autocrine loop. ET-1 upregulates expression and synthesis of ET-1 via the ET A receptor, thus establishing a vicious circle. Based on their data obtained in Dahl salt-sensitive rats Barton et al. [10] advanced the hypothesis that ET A receptor blockade prevents structural changes in salt-sensitive hypertension by lowering vascular ET-1 content and by improving endothelial cell function. The potential mechanisms underlying the beneficial effect of ET A receptor blockade are difficult to evaluate, because there are interactions between the ET and the renin-angiotensin-aldosterone systems so that mutual reinforcement of the systems is not excluded [21] .
The categorization of LU 135252 as an ET A receptorselective antagonist is based on data provided by the manufacturer [5] . A cautionary note is appropriate, however, in view of a preliminary observation of Mulder et al. [22] indicating some interference with the ET B receptor at doses 1 30 mg/kg body weight. Consequently, we cannot exclude a, presumably minor, blockade of the ET B receptor by the dose of LU 135252 used. The fact that plasma ET concentrations did not increase in LU 135252-treated animals supports the assumption that blockade of the ET B receptor did not occur. This point, however, has more than academic interest: deletion of the ET B receptor (knockout mice), and presumably also blockade of the receptor, alter renal sodium reabsorption and possibly salt sensitivity [23] .
The present study has certain limitations. Because a salt-loading protocol was used, the results cannot be extrapolated to hypertension-induced end-organ damage in general. The protocol was designed to investigate the development of vascular lesions, but did not assess the potential of ET A receptor blockade to reverse established lesions. It has to be pointed out that 40% of the untreated UNX animals on high-salt died before the end of the experiment so that the results reported might even underestimate the benefit from LU 135252.
There are important species differences in the ET system, particularly between humans and rodents [24] . It will therefore be important to clarify the role of ET A receptor stimulation in hypertension-induced cardiovascular remodeling of humans to assess the therapeutic potential of ET A receptor blockade [25] .
